Abstract Canterbury earthquake sequence (CES) caused up to 10 episodes of liquefaction at highly susceptible sites in eastern Canterbury, resulting in severe damage to land and infrastructure. Subsurface investigations at five sites over two study areas revealed CES dikes and sills that align with and crosscut pre-CES liquefaction features, including dikes, a lateral sill, a sandblister, and a buried compound sandblow. Crosscutting relationships combined with carbon-14 ( 14
Introduction
Earthquake-induced cyclic shearing may trigger deformation in loosely consolidated and saturated sediment, causing pore-water pressures to increase in the affected media. Liquefaction may occur as pore-water pressures exceed the initial vertical confining stresses causing the breakdown of the grain arrangement (Seed and Idriss, 1982; Idriss and Boulanger, 2008) . Pore-water and liquefied sediment may be ejected to the ground surface through subsurface dikes, or it may be injected into the near surface as lateral sills, stalled dikes, and/or injection features (Sims and Garvin, 1995; Obermeier, 1996; Tuttle and Barstow, 1996; Tuttle and Hartleb, 2012; Quigley et al., 2013) . Liquefaction ejecta typically manifests at the surface as sandblows, fissures, surface flooding, and localized vertical (i.e., subsidence) and/or horizontal (i.e., lateral-spreading) ground movement (Seed and Idriss, 1982; Obermeier, 1996; Tuttle and Barstow, 1996; Cubrinovski et al., 2010; Tuttle and Hartleb, 2012; Quigley et al., 2013) . The surficial features are susceptible to erosion or reworking into surrounding sediments by aeolian and/or fluvial action and therefore may be removed from or obscured in the geologic record (Sims and Garvin, 1995; Reid et al., 2012; Quigley et al., 2013) . Subsurface liquefaction features are commonly preserved in the geologic record where host sediments are preserved and are termed "paleoliquefaction" (Obermeier, 1996; Tuttle, 2001; Obermeier et al., 2005) .
Paleoliquefaction provides evidence for paleoearthquake shaking that exceeded the threshold value for liquefaction . Analysis of paleoliquefaction features enables recurrence intervals, ground motions, and magnitudes of paleoearthquakes to be estimated (Obermeier, 1996; Tuttle et al., 2002; Green et al., 2005; Tuttle and Atkinson, 2010) . Site-specific peak ground acceleration (PGA) may be back-calculated for historic earthquakes and/or ruptures of known active faults using ground-motion prediction equations (GMPEs). Comparison of modeled PGA with liquefactiontriggering thresholds enables faults capable of triggering liquefaction to be identified. Recent compilations of earthquake and liquefaction data suggest a liquefaction-inducing threshold of magnitude normalized PGA (PGA 7:5 0:09g) earthquake (Santucci de Magistris et al., 2013) , although minor liquefaction has been reported in highly susceptible sediments under PGA 7:5 as low as ∼0:06g (Quigley et al., 2013) . Magnitudebound curves, which correlate earthquake magnitude with the maximum site-to-source distance of observed liquefaction, are also widely applied in paleoliquefaction studies. The curves constrain the distribution of rupture locations and magnitudes that have the potential for inducing liquefaction at a given site (Obermeier, 1998; Tuttle, 2001; Olson et al., 2005; Papathanassiou et al., 2005; Pirrotta et al., 2007) . A methodology for backcalculating magnitude-bound curves has been proposed by Maurer et al. (2015) . This methodology identifies the range of possible earthquake sources capable of triggering liquefaction at a site with paleoliquefaction.
The 2010-2011 Canterbury earthquake sequence (CES) caused repeated episodes of liquefaction in parts of eastern Christchurch and in the northern township of Kaiapoi, New Zealand ( Fig. 1 ; Cubrinovski et al., 2010; Wotherspoon et al., 2012; Quigley et al., 2013) . Severe liquefaction-induced damage to land and infrastructure recurred during the September 2010 M w 7.1 Darfield earthquake, and the subsequent February 2011 M w 6.2 Christchurch, June 2011 M w 6.0, and December 2011 M w 5.9 earthquakes and resulted in the central government purchase of upward of 6000 residential properties (Cubrinovski et al., 2010 (Cubrinovski et al., , 2011 Parker and Steenkamp, 2012; Quigley et al., 2013) . The record of historic earthquakes in the wider Christchurch area is limited to postEuropean settlement of the area in 1843. Historic reports indicate that five damaging earthquakes occurred within the Canterbury region prior to the CES and between 1869 and 1922 (Pettinga et al., 2001; Downes and Yetton, 2012) . The 1901 M w ∼ 6:9 Cheviot event caused widespread damage within the Canterbury area and triggered liquefaction in Kaiapoi ( Fig. 1 ; Berrill et al., 1994) . The 1922 M w 6.4 Motunau, North Canterbury, 1888 M w ∼ 7:2 Hope fault, 1870 M w ∼ 5:7 Lake Ellesmere, and 1869 M w ∼ 4:8 Christchurch earthquakes also caused widespread damage in the wider Christchurch region (Elder et al., 1991; Stirling et al., 1999; Pettinga et al., 2001; Downes and Yetton, 2012) . Additional prehistoric earthquakes known to have affected the Canterbury region include the 1717 M w ∼ 8:1 Alpine fault (Sutherland et al., 2007) and the ∼1400-1500 M w ∼ 7:2 Porters Pass earthquakes (Howard et al., 2005) . No liquefaction was reported nor has been identified in Christchurch following any of these events or in Kaiapoi following events other than the 1901 earthquake (Berrill et al., 1994; Downes and Yetton, 2012) . Understanding the approximate timing, location, and magnitude of liquefaction-inducing prehistoric earthquakes within the Canterbury region is therefore important in informing future land-use planning decisions and may contribute to seismic-hazard modeling (Stirling et al., 2012) .
In this study, we present new stratigraphic and chronologic evidence for pre-CES liquefaction at three sites within eastern Christchurch and two sites in Kaiapoi, with the goal of further constraining the timing of previous liquefactioninducing earthquakes within the Canterbury region. The potential that ruptures of known active faults will trigger liquefaction at the study sites is also evaluated from (1) PGA approximated using a New Zealand-specific GMPE and compared with liquefaction triggering thresholds and (2) backcalculated magnitude-bound curves.
Geologic Setting
The eastern Canterbury region is situated upon a lowrelief and low-elevation alluvial landscape (0-20 m above sea level [m.a.s.l.]) along the eastern margin of the Canterbury Plains (Fig. 1) . The region is predominantly underlain by drained peat swamps, fluvial sands and silts, and estuarine, dune, and foreshore sands ( Fig. 1 ; Brown and Weeber, 1992; Forsyth et al., 2008) . The western Canterbury region is primarily underlain by fluvial gravel, sand, and silt deposited by the Waimakariri River during its avulsion across the Canterbury Plains and subsequent overbank flow (Cowie, 1957; Brown and Weeber, 1992) .
The sediments in eastern Canterbury were deposited during shoreline progradation and marine regression following the mid-Holocene highstand with shorelines recorded up to 8 km inland from the location of the modern shoreline at ∼6500 yr B.P. (Brown and Weeber, 1992) . Fluvial sands and silts comprise reworked deposits of the braided Waimakariri River and transported by the meandering rivers (i.e., Avon and Kaiapoi Rivers; Fig. 1 ) that regularly avulsed across the region prior to European settlement (Cowie, 1957; Brown and Weeber, 1992) . The youthful and unconsolidated nature of the fine sands to silts combined with high water tables (1-2 m depth) and localized artesian water pressures pose a long-recognized high-liquefaction hazard (Elder et al., 1991; Brown and Weeber, 1992; Christchurch Engineering Lifelines Group, 1997; Clough, 2005) .
Avondale Study Area
The study area of Avondale, eastern Christchurch, experienced severe liquefaction-induced damage during the CES (Fig. 1) . The southern extent of the suburb is situated adjacent to an anthropogenically straightened section of the meandering Avon River, which undergoes tidally influenced flow inversions. Straightening of the river was completed in 1950 to allow for improved rowing on the river. The northern extent of the suburb is encompassed by an inner depositional bank of the Avon River (Fig. 2a) . The area is underlain by fine sand and silt of point bar, overbank, and adjacent swamp deposits of the Avon River (Brown and Weeber, 1992) . Areas of low elevation (> 1 m:a:s:l:) adjacent to the river were in-filled by ∼1 m of river dredging, comprising sand and silt, prior to the subdivision of the area in the early 1960s (Wilson, 1989) . The approximate position of the ∼3000 yr B.P. coastline is ∼1:5 km west of the study sites; the ∼2000 yr B.P. coastline was ∼0:5 km to the east (Brown and Weeber, 1992) . The water table is at ∼1 m depth; however, this may rise to ≤ 0:5 m depth during wet periods (Brown and Weeber, 1992) .
Three former residential properties were chosen for trenching ( Fig. 2a) : the site at 31 Ardrossan Street (site 1; Fig. 2b ), 45 Cardrona Street (site 2; Fig. 2c ), and the driveway of 53 Cardrona Street (site 3; Fig. 2d ). The three sites were selected based on the intensity and alignment of liquefaction ejecta across the sites. Low elevation sites directly adjacent to the river were avoided due to the inferred presence of fill and height of the water table (∼1 m).
Kaiapoi Study Area
The second study area comprises the township of Kaiapoi (population 10,200), located ∼20 km north of Christchurch city and within ∼4 km of the present Pegasus Bay coastline (Fig. 1) . The township is situated adjacent to the banks of the Kaiapoi River on a low-relief and lowelevation alluvial landscape (0-2 m.a.s.l.). The Kaiapoi River represents the former north branch of the Waimakariri River; flow was diverted to the south branch through a canal constructed in 1868 and followed by levees in 1930 (Griffiths, 1979) . The north branch became confined to a single channel within Kaiapoi, renamed the Kaiapoi River in 1969 (Wood, 1993) . The area north of the Kaiapoi River is primarily underlain by fine sand of beach and dune deposits and by fine sand to silt of overbank flood deposits of the Kaiapoi River and the former north branch (Hawkins, 1957) . The water table is at ∼1-0:8 m depth, but this may rise to ≤ 0:2 m depth during wet periods (Brown and Weeber, 1992) .
Two sites were chosen for trenching ( Fig. 3a) : the former residential property at 125 Sewell Street (site 4; Fig. 3b ) and Kirk Street Reserve (site 5; Fig. 3c ). Site 4 was selected because it was identified by Berrill et al. (1994) as likely to have liquefied during the 1901 Cheviot earthquake. Site 5 was selected because it is proximal to the area identified as liquefying during the 1901 earthquake (Berrill et al., 1994) , exhibited CES surface ejecta, and lacked near-surface anthropogenic influences on the spatial distribution of CES liquefaction ejecta.
Methods

Trenching
The distribution of surficial CES liquefaction features were determined at each site from high-resolution aerial photographs flown on 24 February 2011 by NZ Aerial Mapping for the Christchurch Response Centre. Trenches were excavated perpendicular to aligned sandblow vents at each site ( Figs. 2 and 3 ). Trench walls and selected sections of the trench floor were cleaned using handheld scrapers then logged at centimeter scale to document the morphology and stratigraphic relationships of the CES and pre-CES liquefaction features. Liquefaction features and the surrounding stratigraphy were described in terms of their grain size, sorting, color, and degree of sediment mottling. Ⓔ Full sediment descriptions of each unit are presented in Table S1 , available in the electronic supplement to this article. Munsell soil colors are not included in sediment descriptions because these were not obtained during trenching.
Radiocarbon Dating
Ages of the pre-CES liquefaction features and trench stratigraphy were approximated from radiocarbon dating of detrital wood and shell fragments. Dating was limited by the availability of organic material within the trenches. Samples of detrital wood were dried at 40°C for one week then sorted to separate the organic material from the host sediment. Between 10 and 20 mg of the organic material (charcoal or shell) was submitted to the Rafter Radiocarbon Laboratory in Wellington, New Zealand, for accelerator mass spectrometry radiocarbon analysis. Samples were prepared for analysis by subsampling, picking, and grinding of the fragments, repeated acid and alkali treatment, then combusted and converted to graphite by reduction with hydrogen over an iron catalyst. Ages were calibrated using the Southern Hemisphere calibration curve (SHCAL04; McCormac et al., 2004) . Radiocarbon ages are reported in the text as 2σ calendar-calibrated age ranges. Sample descriptions, uncalibrated conventional radiocarbon ages, and detailed age-range distributions of the calendar-calibrated ages are presented in Table 1 .
Cone Penetration Tests
Cone penetration tests (CPTs) conducted adjacent to sites 1-5 during the CES were collated to analyze the liquefaction potential of the subsurface sediments (Figs. 2 and 3) . The liquefaction potential of the subsurface sediments was evaluated using the Idriss and Boulanger (2008) method, which compares the cyclic stress ratio (CSR), that evaluates loading induced at different depths by an earthquake, with the cyclic resistance ratio (CRR), which represents the ability of the soil to resist liquefaction. The likelihood that a soil will liquefy is expressed as a factor of safety against liquefaction (FS), which is the ratio of CRR and CSR; liquefaction is predicted to trigger when FS < 1.
Study Area: Avondale
The three Avondale sites (sites 1-3; Fig. 2a ) are located within 110 m of the Avon River. Site 1 is located at the apex of the meander bend and exhibits flat topography at 1.9-2 m.a.s.l. across the site (Fig. 2b) . Sites 2 and 3 are located along the relatively straight section of the Avon River and exhibit elevations of 2.3-2.8 m.a.s.l. across the sites (Fig. 2) . The post-February 2011 aerial photography indicates that lateral-spreading-induced fissuring and associated sandblows formed across the three sites (Fig. 2) .
Trenches were excavated at each of the three sites. T1 at site 1 was excavated to a length of ∼8 m and a depth of ∼1:5 m, T2 at site 2 was excavated to ∼5 m in length and a depth of ∼0:9 m, and T3 at site 3 was excavated to a length of ∼3 m and depth of ∼1:1 m (Fig. 2) . Trench depths were limited by the depths to the water table, which was at ≤ 1:5 m during excavation.
Trench Stratigraphy T1, shown in Figure 4a , exposed stratigraphy comprising a basal nonplastic silt to very fine sand (unit II) with an interbedded lens of fine to very fine sand (unit III) and overlain by carbonaceous silt to very fine sand (unit I). The stratigraphy is capped by silt to fine sand with granules (unit A3), silt to very fine sand (unit A2), and granules (unit A1; Fig. 4a ).
T2, shown in Figure 4b and c, exposed a basal nonplastic silt with interbedded very fine sand (unit VI), which is overlain by carbonaceous, very fine sand to silt (unit IV) that contains a lens of fine to very fine sand (unit V). The stratigraphy is capped by granules (unit Al; Fig. 4b,c) .
T3, shown in Figure 4d , exposed a basal fine to very fine sand (unit X; Fig. 4d ) with an interbedded lens of carbonaceous very fine sand to silt (unit XI). This is overlain by carbonaceous very fine sand (unit VIII) with interbedded lenses of fine to very fine sand (unit IX) and capped by carbonaceous, very fine sand to silt (unit VII). Ⓔ Full sedimentological descriptions of each unit are presented in Table S1 .
The stratigraphy exposed in the three trenches (T1-T3) is mottled and oxidized below ∼0:5 m depth. The nonplastic silts to very fine sands exposed in T1-T3 (units II, IV, VI, and XI) are interpreted as low-energy overbank flood deposits of the Avon River (Fig. 4) . The fine to very fine sands (units III, V, VIII, IX, and X) suggest that the floodplain periodically received sediment during flood events (Fig. 4) . The fluvial stratigraphy is consistent with the inferred pre-European migration of the Avon River across the site and with historical reports of periodic flooding of the Avon River during periods of heavy rain between 1865 and 1953 (Cowie, 1957) .
Unit IV in T2 and unit VII in T3 ( Fig. 4a-d ) are interpreted as topsoil horizons. There are no well-documented rates of soil formation for the Canterbury urban area due to the varied land uses throughout the development of the region, thus no surface age may be inferred from soil thickness. Unit I, exposed in T1 (Fig. 4a) , is interpreted as a buried soil horizon based on the similar appearance to units IV and VII and the presence of modern rootlets. It is likely that unit I is associated with the infilling of the area prior to its subdivision (Wilson, 1989) . Unit A3, which overlies unit I, is interpreted as the river dredging used to infill the site and mixed with granules that were likely deposited during construction at the site (Fig. 4a ). Unit A2 was likely deposited during occupation at the site post-1860. The surficial granules exposed in T1 and T2 (unit A1; Fig. 4 ) are interpreted as post-CES deposits associated with the demolition of the former residential dwellings, subsequent waste removal, and leveling of the site. Radiocarbon dating of two samples of subrounded wood fragments, sample R1 obtained from unit III at 1.5 m depth in T1 ( Fig. 4a ) and sample R2 from unit IX in T3 at 0.6 m depth ( Fig. 4d) , yielded ages of A.D. 1321-1453 and A.D. 1666-1950, respectively (Table 1) . Both R1 and R2 lacked rootlike geometries, suggesting that they were of detrital origin, thus the reported ages are interpreted to approximate the maximum depositional ages of the sediment.
CES Liquefaction Features
CES liquefaction features were recognized in the subsurface by (1) their alignment with and traceable continuity into the observed surface CES features and (2) their crosscutting relationships with the trench fluvial stratigraphy. The morphologies of the subsurface CES liquefaction features are documented in detail to assist with the identification and interpretation of pre-CES liquefaction features.
The surface sandblows intersected in T1-T3 correspond with subvertical and planar dikes in the subsurface (Fig. 4) . The dikes vary in width from 1 to 3 cm in T1, 3 to 9 cm in T2, and 2 to 15 cm in T3. The < 2-cm-wide dikes in T1 (Figs. 4a and 5a) are composed of well-sorted silt to very fine sand, whereas the < 2-cm-wide dikes in T1-T3 are all coarser and composed of well-sorted fine to very fine sand (unit Mx). The dikes all increase in width with depth and lack the oxidation and mottling developed in the surrounding stratigraphy (Figs. 4 and 5). Dikes in T1 and T2 crosscut the fluvial stratigraphy from the trench floor and are truncated by the post-CES fill (unit A1), thus indicating that they formed during the CES (Figs. 4 and 5) . The dikes in T3 crosscut the stratigraphy from the trench floor to the surface, where they dissipate into the surficial fine to very fine sand with internal silt drapes (Mx). The surficial sediment is of consistent texture to the liquefaction ejecta within the dike and corresponds with the location of surface ejecta observed in Figure 2 and is therefore interpreted as liquefaction ejecta. The internal silt drapes within the liquefaction ejecta are consistent with the silt drapes that separate multiple episodes of liquefaction within a compound sand blow described by Quigley et al. (2013) . The ejecta is therefore interpreted as preserving evidence for 5 episodes of liquefaction.
Dikes that crosscut the fluvial stratigraphy from the trench floor to between 0.5 and 0.7 m depth, where they pinch out and terminate, were also observed in T1 (Mx 1 and Mx 3; Figs. 4 and 5) and T2 (Mx 4 and Mx 7). The similar morphologies, textures, and lack of oxidation and mottling in these dikes indicate that they are also of CES age (Figs. 4 and 5) . A dike (Mx 5) on the north wall of T2 extends upward from a bulbous-shaped feature that exhibits sharp contacts with the surrounding fluvial sediment and is composed of fine sand with silt clasts (Figs. 4b and 5b). The morphology of this feature, combined with its lack of mottling and oxidation, indicates that it comprises a CES subsurface injection feature (Figs. 4b and 5b) .
The increasing width of the dikes with depth supports that these dikes formed by the upward injection of liquefied sedi- Counts and Obermeier, 2012) . The varied widths of the dikes identified in T1-T3 may reflect variations in the 3D geometries of the dikes. The subvertical planar morphology and well-sorted grain-size distributions of these CES dikes and injection feature are consistent with the morphology and texture of dikes previously described in detail in Counts and Obermeier (2012) and Bastin et al. (2015) . The consistent morphologies of the liquefaction features indicate that liquefaction is likely to manifest in the geologic record as subvertical planar dikes that increase in width with depth, are composed of well-sorted sediment, and are of varying widths.
The CPT soundings conducted proximal to site 1 indicate that the sediment profile from 2.6 to 5 m depth and beneath 7.5 m at site 1 likely liquefied (FS < 1) during the September 2010 earthquake, whereas the sediment beneath 2 m depth likely liquefied (FS < 1) during the February 2011 earthquake (Fig. 6 ). At sites 2 and 3 the subsurface sediment contains thin layers beneath 2.2 m depth that were potentially liquefiable (FS < 1) during the September 2010 earthquake (Fig. 6 ). The sediment from 1.8 to 3.2 m depth and beneath 5 m depth likely liquefied (FS < 1) during the February 2011 earthquake. The exact source depth of the liquefied sediment cannot be determined directly, because excavation was limited by the depth to the water table. The predominately gray, well-sorted, silt to fine sand texture of the CES dikes identified in T1-T3 suggests that a liquefiable unit or units containing fine sand to silt exists at depth beneath the three sites.
Pre-CES Liquefaction Features
Pre-CES liquefaction features were identified in T1-T3 based on their mottling and oxidation, morphology, and crosscutting relationships with the CES liquefaction features and surrounding stratigraphy.
Subvertical and planar dikes ∼20-40 cm wide and composed of mottled and oxidized well-sorted fine sand to silt (unit Px) crosscut unit II in T1 (site 1) and unit VI in T2 (site 2; Figs. 4 and 7). The subvertical and planar morphology and the well-sorted texture of these dikes are consistent with the CES dikes identified within T1-T3. At site 1, the dike (Px 1) is truncated by unit I and exhibits no evidence for surface ejecta. It could not be determined whether the dike continued across the trench floor due to flooding of the trench; however, the dike was not observed on the opposite trench wall. At site 2, the oxidized dike (Px 2) in T2 is overlain by unit IV, which thickens from ∼35 to ∼60 cm in the area above Px 2 (Figs. 4b,c and 7b ). The dike (Px 2) could be traced across the trench floor, where it corresponds with a dike (Px 2) on the south wall that is also overlain by unit IV (Fig. 7c,d ). In T3, a CES dike (Mx 2) crosscuts an irregular, bulbous-shaped feature that is ∼10 cm wide and composed of mottled and oxidized fine sand to silt with silt clasts (Px 3). Px 3 crosscuts unit X and is crosscut by unit VII (Figs. 4d and 7e ). It could not be determined whether the feature (Px 3) was dike fed because excavation was limited by the depth to the water table. The feature could not be traced across the trench floor due to flooding and could not be identified on the opposite trench wall. The subvertical and planar morphology of the oxidized and mottled dikes exposed in T1 (site 1) and T2 (site 2) suggest that they comprise pre-CES dikes or lateral-spreading fissures (Fig. 4a) . The lateral traceability and morphology of Px 2 in T2, combined with the thickening of unit IV in the area overlying the dike, suggests that the feature comprises a lateral-spreading fissure that was infilled by flood deposits while exposed at the surface (Figs. 4b and 7b,c,d ). The sharp contacts and morphology of Px 3 in T3 are similar to the bulbous CES feature (Mx 5) identified in T2, suggesting that Px 3 may have formed through the subsurface injection of liquefied sediment (Fig. 4d ). This cannot be confirmed, because no dike feeding the feature was observed. However, the silt clasts within Px 3 are consistent with inclusions observed within the CES features and attributed to the fragmentation and entrainment of host sediment during ejection of liquefied sediment . This supports the interpretation that Px 3 comprises a pre-CES injection feature.
The mottling and oxidation of the sediment within Px 1-3 forms through the precipitation of reduced iron in pore spaces during lowering of the water table (van Breemen and Buurman, 2002) . The presence of well-developed mottles and oxidation in Px 1-Px 3 suggests long residence within fluctuating water tables and thus indicates pre-CES emplacement. To the best of our knowledge, no empirical data constraining the rate of mottle formation in a subsurface deposit under fluctuating water tables have been established for the Canterbury region, thus no absolute age for dike emplacement can be determined from the degree of sediment mottling.
Px 1 in T1 crosscuts unit II, indicating that it postdates deposition of this unit, dated at A.D. 1321-1453 by radiocarbon (sample R1; Fig. 4a ). No evidence for surface ejecta or a buried surface was observed, suggesting that the top contact was likely truncated prior to or during deposition and formation of the buried soil (unit I). Px 2 in T2 crosscuts unit VI and is overlain by unit IV (Fig. 4b) . No samples suitable for dating were identified in T2; however, it may be inferred that the maximum depositional age of A.D. 1321-1453 derived for unit II in T1 from radiocarbon approximate the depositional age of unit VI in T2 based on the proximity of the sites and similar stratigraphies. Px 2 may therefore postdate the radiocarbon age. Px 3 in T3 is crosscut by unit VIII, indicating that injection may predate the radiocarbon age of A.D. 1666-1950 derived for unit IX interpreted as a maximum depositional age (Table 1; Fig. 4c) .
The CES and pre-CES features identified in T1-T3 are all composed of well-sorted silt to fine sand, which indicates that there are liquefiable units at depth containing fine sand to silt. The liquefiable source unit(s) was not observed within these trenches, and it therefore could not be determined whether the CES and pre-CES features were sourced from the same unit at depth.
Study Area: Kaiapoi
The two Kaiapoi sites (sites 4-5; Fig. 3a) are located adjacent to an outer meander bend of the Kaiapoi River. The post-February 2011 aerial photography indicates that localized and aligned sandblows formed across both sites (Fig. 3) . Trenching revealed stratigraphy that could not be correlated between the two sites, thus the two sites are discussed separately.
Site 4: Sewell Street
Site 4 is located within 75 m of the Kaiapoi River at 125 Sewell Street (Fig. 3b) . The site exhibits relatively flat topography at 2.4-2.6 m.a.s.l. A trench (T4) was excavated to a length of ∼2:5 m and a depth of ∼0:9 m following the demolition of the former residential dwelling (Fig. 3b) . The depth of the trench was limited by the depth to the water table, which was at ≤ 0:9 m during excavation.
Trench Stratigraphy. The trench exposed stratigraphy comprising a basal silt to very fine sand (unit XIII) with interbedded lenses of silt to very fine sand with cross laminations (unit XIV), fine to very fine sand (unit XV), and fine to very fine sand with silt laminations (unit XVI; Fig. 8 ). Unit XIII is overlain by silt to very fine sand on the northern wall (unit XII; Fig. 8 ) and granules on the eastern wall (unit A1; Fig. 8 ). The stratigraphy is mottled from ∼0:3 m depth. Ⓔ Full sedimentological descriptions of each unit are presented in Table S1 .
Unit XIII is interpreted as a low-energy floodplain deposit, whereas the interbedded silts with cross laminations and fine to very fine sands (units XIV, XV, XVI) indicate that the site was periodically flooded (Fig. 8) . The fluvial stratigraphy is consistent with the present depositional setting within the low elevation (∼2 m:a:s:l:) floodplain of the Kaiapoi River and historical reports of flooding of the Kaiapoi River and former north branch of the Waimakariri River (Hawkins, 1957; Logan, 2008) . The poorly sorted granules on the east wall (unit A1; Fig. 8a ) are interpreted as post-CES fill. Unit XII on the north wall is interpreted as a topsoil horizon (Fig. 8) .
Radiocarbon dating of three detrital wood fragments Fig. 8 ). Samples R3 and R5 provided age spectra inconsistent with sample R4 and the geologic evolution of the Canterbury coastline, indicating that they likely comprised older, reworked detritus (Brown and Weeber, 1992; Forsyth et al., 2008) . Samples R3 and R5 are therefore excluded from further discussions. Sample R4 was composed of a small, subrounded wood fragment that lacked root-like geometries or lateral continuity, thus suggesting that it was of detrital origin. The A.D. 1458-1497 age range of sample R4 is consistent with the geologic evolution of the Canterbury coastline (Brown and Weeber, 1992) . The age is therefore interpreted as the maximum depositional age of unit XIII, with the actual depositional age possibly much younger.
CES Liquefaction Features. The CES features were documented in detail to determine whether the morphologies of liquefaction features are consistent in the fluvial deposits of both the Avon and Kaiapoi Rivers and to aid identification of pre-CES features. The CES features are all composed of well-sorted fine to very fine sand and lack the oxidation and mottling developed in the surrounding stratigraphy (unit Mx; Fig. 8 ).
T4 exposed three subvertical and planar dikes in the subsurface (Mx 1-Mx 3). Dike Mx 1 crosscuts the stratigraphy from the trench floor to ∼0:5 m depth, where it pinches out and branches into an ∼20-30-cm-long, laterally injected sill (Figs. 8a and 9b ). Dikes Mx 2 and Mx 3 vary in width from ∼2 to 5 cm and exhibit a complex branching pattern (Figs. 8  and 9a ). Dikes Mx 2-3 crosscut the fluvial stratigraphy and are truncated by unit A1, indicating that they predate deposition of unit A1 (Fig. 8) . The lack of oxidation and mottling within Mx 1-Mx 3 indicates their recent emplacement and thus suggests that they formed during the CES. The dikes all increase in width with depth and contain no evidence for vertical and/or lateral grading.
The CPT soundings indicate that the sediment profile beneath 0.5 m depth likely liquefied (FS < 1) during the September 2010 earthquake, whereas the sediment beneath 1.1 m depth likely liquefied (FS < 1) during the February 2011 earthquake (Fig. 6c) . The exact source depth for the dikes cannot be determined directly because excavation was limited by the depth to the water table.
Pre-CES Liquefaction Features. The CES dike (Mx 3) on the east wall of T4 crosscuts an irregular sill with bioturbated contacts and comprised of well-sorted, oxidized, and mottled fine to very fine sand with internal silt drapes and silt clasts (Px 4; Figs. 8a and 9a). Px 4 crosscuts unit XIII from ∼60-65 cm depth; it exhibits a morphology consistent with the adjacent CES sill and a texture consistent with the pre-CES dikes identified in T1 and T2.
Unit XIII on the north wall is interbedded with a moundshaped feature at ∼85-95 cm depth that is composed of wellsorted, oxidized, and mottled fine sand (Px 5; Figs. 8b and 9b, c) . The feature (Px 5) contains a silt-lined basal contact and two internal horizontal silt drapes, and it decreases in thickness toward the eastern and western walls of the trench (Figs. 8b and 9c,d ). An ∼2-cm-wide subvertical and planar dike extends from the trench floor and into the base of Px 5 at its thickest point. The dike exhibits a grain-size distribution and texture consistent with the feature and can be traced through the feature, where it crosscuts the internal silt drapes and appears to dissipate into the upper unit of fine sand (Fig. 9b,c) .
The mottling and oxidation formed within the sill (Px 4) and mound-shaped feature (Px 5) indicates their prolonged residence within fluctuating water tables and thus indicates pre-CES emplacement (Figs. 8 and 9 ). The morphology, texture, and presence of silt clasts within Px 4 indicate that it comprises a pre-CES laterally injected sill, whereas its bioturbated contacts suggest emplacement occurred very near the surface. No dike feeding the sill was observed; however, it is possible that it was reactivated by the CES dike or that the dike was not intersected within the trench. The sill crosscuts unit XIII, indicating that injection postdates the maximum depositional age of this unit dated at A.D. 1458-1497 by radiocarbon (sample R4; Table 1 ).
The dike beneath the oxidized mound-shaped feature (Px 5) indicates that it formed by the upward ejection of liquefied sediment (Figs. 8b and 9c) . The morphology and texture of Px 5 is consistent with a CES compound sandblow observed at another site by Quigley et al. (2013) that contained four episodes of liquefaction composed of oxidized fine sand grading to gray fine sand and overlain by a silt drape that could not be traced through the vent zone (Fig. 9) . Px 5 is therefore interpreted as a pre-CES sandblow, while the presence of two internal silt drapes suggests that three distinct episodes of liquefaction are preserved within the sandblow (Fig. 9b) . No upper silt-lined contact was observed, indicating that the upper surface was likely reworked. This should therefore be treated as the minimum number of liquefaction events. The pre-CES compound sandblow would have formed at the ground surface at the time of the pre-CES earthquake, indicating that ∼0:95 m of sedimentation has since occurred at the site. The higher stratigraphic position of Px 4 in T4 (∼60-65 cm depth) indicates that two separate events are preserved within the stratigraphy.
Site 5: Kirk Street Reserve
Site 5 is located within 200 m of the Kaiapoi River and comprises relatively flat topography at 2.3-2.8 m.a.s.l. across the site. A trench (T5) was excavated to a length of ∼6 m and a depth of ∼1:2 m (Fig. 3c) . The depth of the trench was limited by the depth to the water table, which was at ∼1:3 m during excavation.
Trench Stratigraphy. The north wall of the trench exposed stratigraphy comprising a basal silt to very fine sand (unit XXIV; Fig. 10a ) overlain by fine to very fine sand with granules and silt clasts (unit XXIII). Unit XXIII contains irregular and deformed lenses composed of fine to very fine sand with rare granules and carbonaceous silt clasts (unit XX), fine sand with cross laminations and rare silt clasts (unit XXI), and a clast of unit XXIV. The lenses of unit XX and XXI warp around fragmented clasts comprised of silt to very fine sand with rare granules (unit XXII; Fig. 10a and 11a) . The lenses of units XX and XXI all appear deformed, are poorly sorted, and exhibit no evidence for vertical grading or internal structure. Unit XXIII is overlain by normally graded, fine to very fine sand with granules and silt clasts interbedded with fine sand with cross laminations (unit XVIII) and silt with rare granules and silt clasts (unit XVII).
The south wall exhibits similar stratigraphy of unit XXIV overlain by unit XXIII and lenses of unit XXI, which contains fragments of XXII. These are overlain by unit XIX, which is composed of normally graded, fine to very fine sand with cross laminations, and a granule-lined basal contact (Fig. 10b) . The stratigraphy is capped by unit XVIII and a granule-to-pebble-rich horizon (unit XVIII′) that are crosscut by unit XVII (Fig. 10b) . The stratigraphy is mottled from ∼60 cm depth. Ⓔ Full sedimentological descriptions of each unit are presented in Table S1 .
Unit XXIV is interpreted as a low-energy overbank deposit of the Kaiapoi River or former north branch of the Waimakariri River (Fig. 10) . The normally graded sands (units XIX and XVIII) and the granule horizon (XVIII′) on the south wall are interpreted as overbank flood deposits. Unit XVII is interpreted as a topsoil horizon (Fig. 10) . The deformation within unit XXIII and lenses of units XX and XXI are inconsistent with the inferred fluvial floodplain deposition of the stratigraphy due to their poorly sorted grain-size distributions and irregular and deformed morphologies (Figs. 10a and 11a) . It is possible that units XX and XXI comprised normally graded fluvial deposits, similar to unit XIX, prior to their deformation. The fragments of XXII exhibit a morphology inconsistent with the surrounding lenses and a composition that is similar to unit XVII. Unit XXII is therefore interpreted as a fragmented buried soil horizon.
Radiocarbon dating of a shell obtained from unit XVIII at 0.3 m depth (sample R6) yielded an age of A.D. 1452-1644, whereas a wood fragment obtained from unit XXIII at 0.7 m depth (sample R7) yielded a radiocarbon age of A.D. 1297-1381 (Table 1 ). The reported radiocarbon age of the shell (sample R6) is inconsistent with the timing of the historical shorelines that are well documented through the area, thus suggesting that it may have been deposited by anthropogenic activity (Brown and Weeber, 1992) . Sample R7 was composed of a small, subrounded wood fragment that lacked root-like geometries or lateral continuity, suggesting that it comprised detritus; it is therefore interpreted to reflect the maximum depositional age of the sediment.
CES Liquefaction Features.
The surface sandblows correspond with 2-4-cm-wide subvertical and planar dikes in the subsurface (Mx 1-3; Fig. 10 ). The dikes crosscut the stratigraphy from the trench floor to the surface, indicating that they were emplaced during the CES (Figs. 10 and 11) . The margins of Mx 1-Mx 3 are surrounded by an oxidized lining and pockets of oxidized fine sand from the trench floor to ∼75 cm depth. The oxidation suggests that the lining and pockets of fine sand predate the CES (Figs. 10 and 11b) . Above 75 cm depth, the dikes lack the oxidation and mottling developed in the surrounding stratigraphy (Figs. 10 and 11a,b) . The dikes are all composed of well-sorted fine to very fine sand, increase in width with depth, and contain no evidence for vertical grading.
The CPT soundings conducted adjacent to site 5 indicate that the sediment profile beneath 1.1 m depth contains layers that likely liquefied (FS < 1) during the September 2010 earthquake, whereas the sediment beneath 1.2 m depth contains layers that likely liquefied (FS < 1) during the February 2011 earthquake (Fig. 6d) . The exact source depth cannot be determined directly because excavation to this depth was limited by the depth to the water table.
Pre-CES Liquefaction Features. A pre-CES liquefaction feature was identified in T5 based on its oxidation and mottling, well-sorted grain-size distribution, and its crosscutting relationships with the CES features and surrounding stratigraphy.
The irregular and deformed lenses of units XX and XXI within unit XXIII are interfingered with an irregular and complex branching feature (Px 6) composed of oxidized and mottled well-sorted fine sand (unit Px; Figs. 10a and 11a) . The feature (Px 6) interfingers with the deformed units XX and XXI from ∼75 to 60 cm depth and appears to intrude around the contacts of the fragmented topsoil (unit XXII; Fig. 10a ). The feature could not be identified on the south wall. The deformation and poorly sorted grain-size distributions within units XX and XXI are consistent with convoluted bedding depicted in the study of soft-sediment deformation by Owen et al. (2011) . The nonseismic methods for triggering deformation do not fit the depositional or hydrological setting of the study site, suggesting that deformation was likely earthquake induced (Owen et al., 2011) .
The interfingering of Px 6 with units XX and XXI combined with its well-sorted grain-size distribution and irregular morphology indicates that the feature was injected into the stratigraphy during the pre-CES earthquake that trig- gered the soft-sediment deformation. The intrusion of Px 6 around the margins of unit XXII suggests that Px 6 was injected in the near surface causing the former topsoil horizon (XXII) to fragment. This relationship is consistent with the subsurface morphology of a near-surface CES liquefaction injection feature that formed a surface blister and is described by Villamor et al. (2016) . The CES surface blister described by Villamor et al. formed through the near-surface injection of liquefied sediment, which caused the topsoil to fragment and warp upward (Fig. 11c) . Px 6 is interpreted as a pre-CES surface blister due to its similar morphology.
No dike feeding Px 6 was observed during excavation; however, the oxidized margins and fine sand surrounding the CES dike extend from the trench floor to the base of the oxidized feature at ∼75 cm depth and cannot be traced further. This suggests that the pre-CES dike may have been reactivated by the CES dike (Fig. 11b) . Alternatively, an isolated dike that was not intersected within the trench may have fed Px 6. Px 6 interfingers with unit XXIII, indicating that the pre-CES event most likely postdates deposition of this unit and thus the radiocarbon age of A.D. 1297-1381, interpreted as a maximum depositional age (sample R7; Table 1 ).
The stratigraphy of the south wall appears to exhibit lateral continuity and is undeformed compared with the north wall. This suggests that the deformation was localized and further supports the assertion that Px 6 comprises a localized sandblister (Fig. 10b) . No evidence for a buried soil horizon overlying the deformed stratigraphy was observed, suggesting that the unit that the clasts of unit XXI were derived from may have been eroded prior to deposition of units XVII and XVIII (Fig. 10) . Units XVII and XVIII do not exhibit deformation, indicating they were likely deposited following the pre-CES earthquake.
Possible Timing of Pre-CES Earthquakes
The approximate timing of the earthquakes forming the pre-CES liquefaction features in Avondale and Kaiapoi may be constrained from crosscutting relationships combined with relative and carbon-14 ( 14 C) ages of the host sediments. It cannot be directly determined whether the pre-CES liquefaction features in Avondale and Kaiapoi formed during the same pre-CES earthquake due to the large age ranges assigned to each feature.
The pre-CES dike, Px 1, identified in T1 (site 1) crosscuts the fluvial sediment to ∼105 cm depth, or to ∼40 cm if the thickness of the post-CES fill (unit A1) is removed. Px 1 is overlain by unit I. The pre-CES dike, Px 2, in T2 (site 2) crosscuts unit VI to ∼65 cm, or ∼40 cm without unit A1, and is overlain by unit IV. The proximity of the sites combined with the consistent morphology and similar depths of the pre-CES dikes suggests that these dikes likely formed during the same pre-CES earthquake. The dikes therefore most likely postdate the maximum depositional age of unit III in T1 of A.D. 1321-1453 as derived from radiocabon (sample R1) and predate subdivision of the area in 1960. It cannot be determined whether Px 2 in T2 also formed during this event due to the lack of age constraint.
The pre-CES lateral injection sill (Px 4) identified in T4 (site 4) most likely postdates the radiocarbon age of A.D. 1458-1497 (sample R4; Table 1 ) interpreted as the maximum depositional age of unit XIII and possibly formed during the 1901 Cheviot earthquake, which is known to have caused liquefaction at the site (Berrill et al., 1994) .
The pre-CES sandblow (Px 5) identified in T4 formed at the then-ground surface and thus predates the radiocarbon age of A.D. 1458-1497 interpreted as the maximum depositional age of unit XIII (sample R4; Table 1 ). No evidence for foreshore sediments was observed in the trench, indicating that the feature postdates the mid-Holocene highstand at ∼6500 yr B.P. The preservation of three episodes of liquefaction within the compound sandblow provides evidence for recurrent liquefaction and possible earthquake clustering of sufficient magnitude to trigger repeated liquefaction while the sandblow was exposed at the surface. 3.6, 5, and 0.7 cm, respectively (normalized to 0.72, 1.0, and 0.14, respectively). The thicknesses yield crude normalized PGA 7:5 estimates of the first and third units, being ∼70% and ∼10% of the PGA 7:5 of the second event. The lack of a silt lined upper contact on the third unit indicates that the thickness and relative PGA 7:5 estimates are considered to be minimum for this event.
The presence and stratigraphic relationships of the CES dikes, pre-CES sill, and pre-CES sandblow at site 4 indicate that three separate episodes of liquefaction are preserved within the subsurface. This indicates that the area has been subjected to recurrent liquefaction.
The pre-CES surface blister in T5 (Px 6; Site 5) deforms unit XXIII, indicating that the deformation event likely postdates the maximum depositional age of A.D. 1297-1381 for this unit, as derived from radiocarbon (sample R7; Table 1 ). The earthquake deformed stratigraphy is overlain by ∼0:5 m of fluvial sediment (units XVII and XVIII). It is considered unlikely that ∼0:5 m of sediment has accumulated at the site since the 1901 Cheviot earthquake, which is known to have caused liquefaction in the area. The surface blister is therefore considered likely to predate the 1901 Cheviot earthquake. It cannot be determined whether the pre-CES surface sandblister (Px 6) at site 5 formed during the same event as the pre-CES sill (Px 4) or sandblow (Px 5) at site 4 due to the large age ranges assigned to the features and inability to correlate these units stratigraphically.
Potential of Earthquakes on Known Regional Active Faults to Trigger Liquefaction at the Study Sites
The limited historic record of earthquakes within the wider Canterbury region means that the distribution of active faults capable of triggering liquefaction is poorly constrained, and thus the return times of earthquakes triggering liquefaction are largely unknown. Comparison of the timing of the historic and known paleoseismic earthquakes with the age ranges of the pre-CES liquefaction features proves inconclusive in determining the likely causative event due to the large age ranges assigned to each feature (Fig. 12) . The large age ranges assigned to the paleoliquefaction features and high number of active faults within the wider Canterbury region create a significant challenge in determining which earthquake sources might have triggered paleoliquefaction at the five sites. For this reason, the potential for known active faults to induce liquefaction at the study sites is assessed from PGA predicted at each site for earthquakes on known active faults and compared with a global liquefaction triggering threshold and from the back-calculated magnitude-bound curves derived by Maurer et al. (2015) .
The liquefaction susceptibility of the five sites in eastern Canterbury is governed by their hydrologic, geologic, and geomorphic settings. The liquefaction potential of the subsurface sediments generally decreases over time due to aging, including compaction, burial by continued sedimentation, and the precipitation of cements (Seed and Idriss, 1982; Idriss and Boulanger, 2008; Hayati and Andrus, 2009; Maurer et al., 2014) . The subsurface sediments at the study sites are likely to have remained saturated since their initial deposition due to the high water tables within Avondale and Kaiapoi. This saturation combined with shallow burial depth and inferred young Holocene age suggests that limited aging has likely occurred. The liquefaction susceptibility of the five sites is therefore likely to have remained relatively unchanged or may have decreased slightly since the pre-CES liquefaction events. The presence of two episodes of liquefaction at sites 1-2 and 5 and preservation of three episodes of liquefaction at site 4 indicate that these areas have remained highly susceptible to liquefaction, and any changes to the liquefiable source sediment during the pre-CES liquefaction events (e.g., compaction) has not had a discernible influence on the liquefaction Figure 12. (a) Locations of historic earthquakes plotted in (b) and the known active fault sources that are included in the PGA and backcalculation analysis (fault data from Stirling et al., 2012, and Litchfield et al., 2014, and outlined in Tables 2 and 3 susceptibility of the sites. The liquefaction-triggering threshold during the paleoearthquakes is therefore likely to be consistent with or slightly lower than that during CES.
Site-Specific Peak Ground Acceleration for Ruptures on Active Faults
Site-specific PGA are derived for Avondale and Kaiapoi from rupture scenarios on the known active faults within the wider Canterbury region using the New Zealand-specific GMPE proposed by Bradley (2013) (Fig. 13) . The Bradley GMPE considered four pre-existing global models and was derived from modification of the best-fit Chiou and Youngs (2008) model and calibrated against recorded ground motions in New Zealand. The model computes the median and standard deviation PGA for a given site using the maximum moment magnitude (M w max ), distance of the fault trace to the site (R Rup ), predominant rock or soil type, and fault type (i.e., normal, reverse, or strike slip). Estimates of maximum moment magnitude (M w max ) and distances to fault rupture planes (R Rup ) were compiled for the wider Canterbury region using Stirling et al. (2012) and Litchfield et al. (2014) ( Table 2 ). Data on offshore faults were derived from Barnes et al. (2011) . Site class E soil characteristics (very soft soil) were assumed for both study sites (Standards New Zealand, 2004) . Rupture directionality was not considered due to the lack of fault-specific rupture data and because rupture directivity was not explicitly considered during the development of the GMPE.
The median (50th percentile) PGA is plotted for Avondale (Fig. 13a) and Kaiapoi (Fig. 13c) for each rupture scenario. Median PGA values were magnitude weighted (PGA 7:5 ) using the magnitude scaling factor proposed by Idriss and Boulanger (2008) . PGA 7:5 represents the equivalent PGA for an M w 7.5 event and enables direct comparison of ground accelerations irrespective of the earthquake magnitude and distance to epicenter. PGA 7:5 are plotted for each rupture scenario and compared with the liquefaction triggering threshold of PGA 7:5 0:09g derived by Santucci de Magistris et al. (2013) (Fig. 13) . The PGA and PGA 7:5 of the September 2010 and February 2011 earthquakes are also plotted (Fig. 13) . The corresponding fault name, M w , PGA, and PGA 7:5 of the faults labeled in Figure 13 are summarized in Table 2 . PGA and PGA 7:5 calculated for all the active faults are summarized in Ⓔ Table S2 .
Active faults within 50 km of Avondale that are considered capable of generating M w > 6:5 earthquakes generally plot above the liquefaction triggering threshold of PGA 7:5 0:09g, indicating that they are likely to trigger widespread liquefaction in Avondale (Fig. 13b) . The predicted PGA 7:5 generated in Avondale from ruptures on the offshore Kaiapoi faults (13), total Kaiapoi faults (15), and the combined Kaiapoi and Table 2 , additional data are presented in Ⓔ Table S2 .
Pegasus faults (16) are similar to that of the September 2010 earthquake, suggesting that ruptures on these faults may trigger moderate-to-severe liquefaction (Fig. 13b) . The Alpine fault between Fiordland and Kaniere (121) plots beneath the PGA 7:5 0:09g threshold for liquefaction but above the threshold value for minor liquefaction in highly susceptible sediments during the CES of PGA 7:5 0:06g (Quigley et al., 2013) . This indicates that the 1717 Alpine fault rupture remains a potentially culpable source for triggering liquefaction in the highly susceptible sediments within Avondale.
In Kaiapoi, the North Canterbury and offshore faults within 50 km of the study sites that are capable of generating M w > 5:5 earthquakes generally plot above the PGA 7:5 0:09g threshold (Fig. 13d) . The higher number of active faults considered capable of triggering reflects the closer proximity of the area to the North Canterbury and offshore fault systems. The PGA 7:5 calculated for the combined offshore Kaiapoi (15), Kaiapoi and Pegasus combined (16) , Kaiapoi offshore (13), and Pegasus (34) faults all exceed the PGA 7:5 of the September 2010 earthquake, suggesting that they are likely to trigger widespread liquefaction in Kaiapoi (Fig. 13d) . The North Canterbury faults, including the Ashley (1), Pegasus (39), Springbank (43), Cust (4), North Canterbury 1 (27), and Porters Pass-Grey (42) all plot between the PGA 7:5 of the September and February earthquakes, indicating that they are also likely to trigger widespread liquefaction in Kaiapoi (Fig. 13d) . The Alpine fault between Fiordland and Kaniere (121) plots at PGA 7:5 0:09g, suggesting that a rupture of this fault length or greater could have triggered liquefaction in Kaiapoi.
Comparison of the site-specific PGA with the liquefactiontriggering threshold indicates that faults proximal (within 50 km) to the study sites are likely to trigger liquefaction. It is possible that the paleoliquefaction features may have formed during prehistoric rupture(s) on these faults. Additionally, many active faults are predicted to generate PGA 7:5 between the 0:09g and 0:06g thresholds for liquefaction at both Fault names separated with a -refers to segments within a larger fault (i.e., Alpine Fault) and thus the two names denotes the two ends being referred to.
*Fault ID corresponds with ID listed in Ⓔ Table S2 and plotted in Figure 13 . † Fault rupture magnitudes are for maximum rupture scenarios, as listed in Stirling et al. (2012) . ‡ Only active faults with PGA and PGA 7:5 > 0:09g are listed.
the Avondale and Kaiapoi sites and thus provide additional possible sources for the paleoliquefaction features ( Fig. 13 and Ⓔ Table S2 ).
Probability of Liquefaction from Magnitude-Bound Curves
The historic earthquakes and active fault sources are plotted in magnitude-bound space with the Maurer et al. (2015) probabilistic curves for Avondale (Fig. 14a,b) and Kaiapoi (Fig. 14c,d ) to evaluate their probability of triggering liquefaction at the study sites. Maurer et al. (2015) derived the back-calculated magnitude-bound curves from liquefaction triggering evaluation, site-response analysis, and ground-motion prediction (Maurer et al., 2015) (see the Ⓔ electronic supplement and Maurer et al., 2015, for further discussion on the framework and use of the derivative curves). Faults with a calculated probability of inducing liquefaction (P L ) > 15% are considered likely to trigger liquefaction at the study sites (Fig. 14) . Uncertainties in the probability of liquefaction for each event are quantified by providing minimum and maximum bounds, which approximate 95% confidence bounds (Table 3 ). The study sites are assigned to a single representative location within Avondale or Kaiapoi to simplify the analysis. This results in a minor miscalculation of the site-to-source distance of > 0:5 km, which is within the 95% confidence bounds. The preferred estimate probabilities are indicated in brackets in Table 3 .
Rupture magnitudes and site-to-source distances of the large historic earthquakes were derived from paleoseismic studies (Howard et al., 2005) and proposed source models (Doser et al., 1999) . Empirical site-to-source distance conversions are applied for historic earthquakes with proposed epicentral locations (Scherbaum et al., 2004) . Magnitude estimates and site-to-source distances of the active faults are adopted from Stirling et al. (2012) and Barnes et al. (2011) , where a maximum rupture scenario is considered. The rupture magnitudes and site-to-source distances of the active faults are assigned uncertainties of 0:36 M w and 4 km, which represent approximate 95% confidence bounds. It is acknowledged that a fully probabilistic model would consider the range of earthquake magnitudes, recurrence interval, and possible segmentation of each fault; however, these data are not provided in the New Zealand seismic-hazard model (Stirling et al., 2012) and is considered to be beyond the scope of this study.
In Avondale, the Alpine fault rupture of M w ∼ 8:1 in 1717 and the M w ∼ 7:2 Porters Pass earthquake in ∼1450 have the highest probabilities of triggering liquefaction for the known historic earthquakes (32% and 19%, respectively; Fig. 14a,b) . The 1869 M w ∼ 4:8 Christchurch earthquake has a preferred P L of 7%; however, it has an upper-bound estimate of P L 43%, which reflects the large uncertainty in the location of the fault rupture. The upper-bound estimate indicates that the earthquake may have triggered liquefaction within Avondale. The active faults within 50 km of Avondale and capable of generating M w > 6:5 earthquakes generally plot at P L ≥ 15% and thus are considered capable of triggering liquefaction. The Kaiapoi-Pegasus, Kaiapoi, Pegasus, Kaiapoi Offshore, and Ashley faults all have P L > 70%, indicating that earthquakes on these faults have a high probability of triggering liquefaction in Avondale (Table 3) . The Kaiapoi-Pegasus fault (16) has a P L similar to the Port Hills fault (41), which ruptured during the February 2011 earthquake (P L of 94% and 95%), indicating that liquefaction induced during a rupture on the Pegasus fault is likely to be similar to that observed in Avondale during the February 2011 earthquake.
In Kaiapoi, the 1717 M w ∼ 8:1 Alpine fault rupture (P L 35%), ∼1450 Porters Pass earthquake (P L 24%), and 1901 Cheviot earthquake (P L 23%) have credible potential for inducing liquefaction. The P L estimate for the 1901 Cheviot earthquake is consistent with the observed liquefaction during this event (Berrill et al., 1994) . Active faults within 50 km of the study sites that are capable of generating M w > 5:5 earthquakes generally plot at P L > 15% and are therefore considered likely to trigger liquefaction. The Pegasus, Kaiapoi-Pegasus, Kaiapoi Offshore, Kaiapoi, Springbank, Porters Pass-Grey, Ashley, Cust, and Waikuku faults have P L > 70%, indicating that these faults have a high probability of triggering liquefaction. It is likely that liquefaction during a maximum rupture on the Alpine fault (P L 35%) would be similar to that observed during the 1901 Cheviot earthquake (P L 23%).
The back-calculated magnitude-bound procedure indicates that historic ruptures on the Alpine fault and Porters Pass fault, and ruptures predicted for active faults within the North Canterbury and offshore fault systems, have a high probability of triggering liquefaction at the study sites. The results are generally in agreement with those identified from comparison of the site-specific PGA and liquefaction-triggering threshold. Combining the backcalculation approach with the PGA and PGA 7:5 derived from the GMPE proves effective in determining the active faults capable of triggering liquefaction at the study sites and thus also may have triggered paleoliquefaction.
Implications for Paleoseismic Studies and Future Land Use
The CES highlights the severe damage and disruption to land, infrastructure, and lifelines that can result from liquefaction (Cubrinovski et al., 2010 (Cubrinovski et al., , 2011 Hughes et al., 2015) . Because of the limited historic record, the return times of liquefaction-triggering earthquakes within the city are uncertain, and thus the liquefaction hazard posed by future earthquakes is largely unknown. Combining the backcalculation approach with the PGA and PGA 7:5 derived from the GMPE proves effective in determining the active faults capable of triggering liquefaction at the study sites. The large number of active faults within the wider Canterbury region that are anticipated to trigger liquefaction at the Kaiapoi and Avon-dale sites highlights the need for local authorities to assess the liquefaction hazard for present and future developments, both in Christchurch and in other seismically active areas that are underlain by sediments highly susceptible to liquefaction.
The presence of pre-CES liquefaction in Avondale and Kaiapoi indicates that the eastern Canterbury region had liquefied prior to the CES and 1901 Cheviot earthquake. The inferred pre-1960 age of the features in Avondale indicates that residential development took place on top of sediments that contained geologic evidence for liquefaction. The identification of three generations of liquefaction at site 2 in Kaiapoi (CES, likely 1901, and pre-A.D. 1497) indicates that the area has been subjected to recurrent liquefaction. Additionally, the preservation of three episodes of liquefaction within the pre-CES compound sandblow provides evidence of possible earthquake clustering prior to the CES clustering. Development in Kaiapoi therefore took place on sediments that had historically liquefied and contained evidence for prehistoric earthquake clustering. The high number of active faults in North Canterbury and offshore that are considered capable of triggering liquefaction in Kaiapoi, combined with the identification of pre-CES liquefaction, confirms that the area is highly susceptible to liquefaction.
The presence of both pre-CES and CES liquefaction in the five trenches indicates that the same areas reliquefy during subsequent earthquake events. The documentation of pre-CES features also highlights the potential of paleoliquefaction investigations, in addition to geotechnical data, to contribute to land-use planning.
Conclusions
The CES liquefaction features documented at the five sites consist of liquefaction dikes and sills composed of well-sorted fine sand and silt that lacks the oxidation and mottling developed in the surrounding sediment. The dikes all exhibit a similar subvertical and planar geometry and increase in width with depth.
Pre-CES liquefaction features identified in the trenches include dikes at sites 1 and 2, possible pre-CES injection sill at site 3, a sill and compound sandblow at site 4, and a sandblister at site 5. Crosscutting relationships combined with 14 C dating indicate that the Avondale event most likely occurred between 1321 and 1960. The sill identified at site 4 in Kaiapoi postdates 1458 and likely formed during the 1901 earthquake, whereas the sandblow most likely predates 1458. The sandblister at site 5 likely formed between 1297 and 1901. The presence of pre-CES liquefaction confirms that moderate-to-large earthquakes occurred in eastern Canterbury prior to the CES and 1901 Cheviot earthquake. Table 3 .
The site-specific PGA indicates that many faults within 50 km of the study sites have the potential to trigger widespread liquefaction and may have formed the pre-CES features. Additionally, many faults have the potential to trigger minorto-moderate liquefaction in both Avondale and Kaiapoi.
The magnitude-bound backcalculation indicates that the 1717 M w ∼ 8:1 Alpine fault and ∼1450 M w ∼ 7:2 Porters Pass earthquakes are highly likely to have triggered liquefaction in Avondale and Kaiapoi. Additionally, the Pegasus, Kaiapoi, Kaiapoi-Pegasus, and Ashley faults are considered highly likely to trigger liquefaction in Avondale (P L > 70%) and may have formed the paleoliquefaction features. In Kaiapoi, the Pegasus, Kaiapoi-Pegasus, Kaiapoi Offshore, Waikuku, Springbank, Porters Pass-Grey, Ashley, and Cust faults are considered likely to trigger severe liquefaction (P L > 70%).
Combining the backcalculation approach with the PGA and PGA 7:5 derived from the GMPE proves effective in determining active faults that are capable of triggering liquefaction at the study sites and are thus capable of triggering liquefaction in the future. The results are generally in agreement as to which faults are likely to have triggered liquefaction in Avondale and/or Kaiapoi.
Data and Resources
Information on the purchasing of upward of 7000 residential properties in eastern Christchurch and Kaiapoi was obtained from http://cera.govt.nz/news/2012/flat-landresidential-zoning-now-complete-18-may2012 (last accessed June 2015). The history of the Avon River, including information on the straightening of the river, was obtained from http:// christchurchcitylibraries.com/Heritage/Chronology/Year /1950.asp (last accessed June 2015). The high-resolution post 22 February 2011 aerial photographs were obtained from the LINZ Data Service (https:// koordinates.com/layer/3185-christchurch-post-earthquakeaerial-photos-24-feb-2011/, last accessed June 2015). The peak ground acceleration of the CES earthquakes were obtained from the Canterbury Geotechnical Database website https://canterburygeotechnicaldatabase.projectorbit.com (last accessed June 2015). The CPT and fault source data used in this article were obtained from the published sources listed in the references.
